We calculate the light quark spectrum of lattice QCD in the quenched approximation using Kogut-Susskind quarks. By combining results for different lattice spacings, several volumes and five quark masses, we are able to take the light quark mass, infinite volume, continuum limit. When we use non-linear chiral extrapolations, we find that the nucleon to rho mass ratio is m N /m ρ = 1.254 ± 0.018 ± 0.027, where the errors are statistical and systematic (within the quenched approximation), respectively. This should be compared with the experimental value of 1.22. Our results indicate that the error due to quenching is less than about 5%.
The calculation of the light hadron spectrum is one of the main goals of lattice QCD. There have been many attempts to do so; however, one persistent problem has been an excessively large computed value for the nucleon to rho mass ratio. This has been true for calculations done with dynamical fermions, or in the quenched approximation [1] , and for both the Wilson and Kogut-Susskind (staggered) methods of putting quarks on the lattice. [2] . To carry out a lattice calculation, it is necessary to use a finite volume box and a nonzero lattice spacing. In addition, because of the iterative algorithms used to calculate the quark propagators, it has been necessary to use quark masses larger than those of the up and down quarks. Thus, before attempting to compare the results of lattice calculations with the observed spectrum, one must take the infinite volume, zero lattice spacing, and light quark limits to remove systematic errors. We have carried out an extensive series of calculations with Kogut-Susskind quarks in the quenched approximation that provides us with good control over each of these extrapolations [3, 4] . We find m N /m ρ = 1.254 ± 0.018 ± 0.027. Comparison with the observed value of 1.22 indicates that the effects of quenching are less than about 5% at the 1 σ level.
It is important to demonstrate that calculations with Wilson and staggered quarks have the same continuum limit. Butler et al. [5] calculated the spectrum with Wilson quarks in the quenched approximation. They used three lattice spacings, and extrapolated as indicated above. Their results had a statistical accuracy of 5-6%, and they claimed good agreement with the real world for a number of hadron mass ratios. However, there are some questions about how well they were able to control their extrapolations [6, 4] . Quite recently, the CP-PACS collaboration has presented preliminary results from a more extensive Wilson quark calculation that should have good control of the extrapolations. This calculation is being carried out with four values of the gauge coupling on lattices with very large volumes. [7] .
An additional motivation to improve the accuracy of calculations with the quenched approximation is recent work on improved actions [8] . Most such calculations are done within this approximation, so it is valuable to know what result they should approach in the a → 0 limit.
Our quenched calculation with staggered quarks uses four lattice spacings. At two of the lattice spacings, we have multiple volumes to demonstrate control of finite-size effects [9] . Although we are able to use smaller quark masses than have been used for the Wilson quarks, we find that the mass extrapolation requires the most care. In Ref. [5] , as in many spectrum calculations, a linear fit to the lightest three quark masses was used. We find deviations from linearity for our three lightest masses. More recent calculations with Wilson quarks have considered nonlinear chiral fits [10, 6, 7] .
In Table I , we list the coupling, volume and size of each ensemble of lattices used in our calculation. The lattices were generated using a combination of overrelaxed and pseudo-heat bath sweeps in the ratio of 4 to 1, respectively. Each lattice is separated from the previous one by 200 combination sweeps, or a total of 800 overrelaxed and 200 pseudo-heat bath sweeps.
In order to calculate the hadron spectrum on the lattices, we used five quark masses for each ensemble, each a factor of two different from the next heavier or lighter. (See the last column of Table I for the ranges.) We fix our lattices to Coulomb gauge and use wall sources. For a given source time, each site with all spatial coordinates even is set equal to one, all other sites are set to zero. To increase our statistics, we calculated propagators from every eighth time slice, so we have four to eight sets of hadron propagators per lattice (depending on N t ). These propagators are clearly correlated, so we block all those from each lattice together for further analysis. Now let us turn to the sources of systematic errors. The initial motivation for these calculations was to understand finite volume effects. [9] . We have carried out detailed studies at gauge coupling 6/g 2 = 5.7 using lattices with spatial dimensions N s = 8, 12, 16 20, 24, using the same five quark masses on all five lattices. We expect that in a small volume the mass will increase as the hadron becomes squeezed by the box, and that this effect increases for smaller quark masses. For the ρ there is very little evidence for finite size effects. We expect somewhat larger finite size effects for the nucleon, and for the lightest quark mass there appears to be a downward trend from N s = 8 to 16. (See Fig. 1 .) Thus, for N s = 16 or greater we find we cannot detect a finite size effect in the nucleon or ρ masses. At 6/g 2 = 5.85, we have performed calculations on three lattices, N s = 12, 20 and 24. Again, we see little change in the masses as we vary the spatial size. In subsequent analysis, we consider the N s = 20 and 24 results for both couplings. More details regarding finite size effects for both Kogut-Susskind and Wilson quarks may be found in Ref. [2] . The last column of Table I contains the box size in fm based on a scale set by the rho mass extrapolated to the physical quark mass.
The chiral extrapolation requires the most care and controls the final error. It is based on a small mass expansion, but since we cannot generate accurate results for small quark masses, we are forced to use intermediate and heavy quark masses. In this mass region the contribution of the higher order terms in the chiral expansion can be significant, and the extrapolation to the physical light quark masses has to be performed very carefully. If our masses have large errors, or we fit over a sufficiently small range of quark mass, we may be able to fit the results to the simplest linear chiral form with good confidence level. Such extrapolations, however, may have little to do with the true low quark mass limit. Another complication arises from the quenched approximation. It is known that quenched chiral perturbation theory (QχP T ) [11] differs from the ordinary chiral perturbation theory (χP T ) that applies to the real world.
Our lightest three masses cover a range of a factor of four, and, as indicated previously, cannot be fit to a linear function with even a marginally acceptable confidence level. (The chiral fits are done using the full covariance matrix of the hadron masses for different quark masses.) We began by trying a dozen different fitting forms (Table II) q , which appears in Fits 1,2,3,4 and 10, arises only in QχP T . We reject these fits, however, because the coefficient of m 1/2 q is opposite in sign to what is expected from QχP T [12] . In addition, due to flavor breaking, the m 1/2 q term is not really appropriate to quenched staggered fermions. It is actually the flavor singlet pion which appears [14] in QχP T , and its mass is not proportional to m 1/2 q at finite lattice spacing. Thus, we should use instead a term proportional to the mass of the non-Goldstone pion, commonly denoted m π 2 . Since QχP T gives us only a rough idea of the values of the proportionality constants, we consider a range of values. In practice, we define, for fixed λ 1 and λ 2 ,
where "phys" stands for the physical values and the other quantities are values computed at given quark mass and lattice spacing. We then fit m ′ N and m ′ ρ to functions 8 and 12 (Table II) for various values of λ 1 and λ 2 obeying 0.0 ≤ λ 1 ≤ λ 2 ≤ 0.4, which is the expected range of values from QχP T [12, 13] . Table III contains the combined confidence level of these chiral fits for our five lattices with the weakest couplings and largest volumes: N s = 32 at 6/g 2 = 6.15, and N s = 20 and 24 at 6/g 2 = 5.7 and 5.85. Although many of these fits are marginally acceptable, none of the confidence levels are very good. This may be due to the fact that QχP T to order m 2 q would require all the terms that appear in either Fit 8 or 12. However, we are limited to a maximum of 4 fit parameters since we have only 5 masses at our disposal. All the other fit functions in Table II 2 . That is, we determine the lattice spacing in terms of the ρ mass. In Fig. 2 , we show the lattice spacing extrapolation based on chiral fit 8 with λ 1 = 0.0 for the nucleon and fit 12 with λ 2 = 0.1 for the ρ, which give the highest confidence levels in Table III . (For the π chiral extrapolation, which is needed to determine the physical light quark mass, we use the form am q +bm 2 q +cm 3 q +dm q ln m q . This fit is good for 6/g 2 = 6.15, but poor at stronger coupling. The difference in the continuum nucleon to rho mass ratio caused by changing the chiral extrapolation of the π to any of several other reasonable forms is only a few parts in 10 4 .) When we keep only the three weakest couplings (i.e., omitting β = 5.54), the continuum extrapolation with these parameters has a good confidence level (0.74) and gives a result which is close to the overall average of the continuum extrapolations of all the chiral fits. For each of the two intermediate couplings, we plot the two largest volumes, but only the largest volume was included in the fit to the a dependence. A horizontal line gives the physical value of m N /m ρ . Extrapolating to the continuum limit we get 1.251 ± 0.018.
To obtain our central value, we look at all continuum extrapolations of the three weakest couplings coming from any of the chiral fits in Table III with confidence levels greater than 0.04. (The worst confidence level of the continuum extrapolation with these fits is 0.34). After averaging over all fits in Fig. 3 , we obtain m N /m ρ = 1.254 ± 0.018 ± 0.022, where the last error is the standard deviation over the fits, which we take as a combination of chiral extrapolation and continuum extrapolation errors. The result is rather insensitive to the cut on chiral confidence level: changing the cut to 0.005 or 0.06 (a cut greater than 0.06 would rule out all the ρ fits in Table III ) changes the central value by 0.010 or 0.008, respectively.
To explore further the error in the continuum extrapolation, we then include the strongest coupling point and repeat the analysis. For the parameter choice in Fig. 2 , we find m N /m ρ = 1.228±0.016 with a confidence level of 0.03. Averaging over all fits with chiral and continuum confidence levels greater than 0.04 gives 1.248±0.012±0.008. We then change the continuum extrapolation to include the higher power (am ρ ) 4 , as well as (am ρ ) 2 . By averaging as before, we obtain 1.266 ± 0.020 ± 0.021. These considerations lead us to include additional errors of 0.012 (the effect of including the strongest coupling point) and 0.010 (the effect of changing the cutoff on the confidence level). Combining them in quadrature with the 0.022 determined above, gives a total systematic error due to chiral and continuum extrapolations of 0.027.
To summarize, we have made a detailed study of the light quark spectrum in quenched QCD with Kogut-Susskind quarks. Concentrating on the long standing problem of the nucleon to the ρ mass ratio, we find that the chiral extrapolation is the most delicate issue. The simple linear chiral extrapolation is ruled out. Our results are reasonably well described by fits motivated by QχP T . However the confidence levels of such fits are a slowly varying function of the parameters λ 1 and λ 2 , which therefore are not determined in our procedure. Instead, we average over reasonable ranges of these parameters. Fortunately, the continuum values of m N /m ρ produced are not strongly dependent on the parameters. Taking into account the variance over the fits we obtain m N /m ρ = 1.254 ± 0.018 ± 0.027. Our result for the mass ratio is about one standard deviation above the experimental value. It appears that the effects of quenching on the ratio are bounded (at the 1σ level) by about 5%.
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